Abstract Pancreatic islet dysfunction, including impaired insulin secretion in b cells and dysregulated glucagon secretion in a cells, is the chief pathology of diabetes. In b cells, oxidative stress, evoked by chronic hyperglycemia, was found to induce dysfunction of a critical transcription factor, PDX1, caused by its nucleocytoplasmic translocation via interactions with the insulin and JNK signaling pathways and another transcription factor, FOXO1. The significance of a-cell insulin signaling in the physiological and pathological regulation of a-cell biology was demonstrated in a-cell-specific insulin receptor knockout mice, which exhibited dysregulated glucagon secretion. Moreover, a high-glucose load directly induced excessive glucagon secretion in a glucagon-secreting cell line and isolated islets, together with impairment of insulin signaling. These findings indicate that disordered insulin signaling is central to the pathophysiology of islet dysfunction in both a and b cells. On the other hand, certain beneficial effects of GLP-1 on dysfunctional a and b cells indicate that it has therapeutic potential for diabetes patients who exhibit insulin resistance in islets. These studies, involving basic medical research approaches, have-at least in partclarified the molecular mechanisms underlying a-and bcell dysfunction in diabetes, and offer important clues that should aid the development of future therapeutic approaches to the disease.
Introduction
Pancreatic islet dysfunction has been widely accepted as the chief etiology of both type 1 and type 2 diabetes mellitus, together with systemic insulin resistance. It is therefore essential to clarify the underlying mechanisms of islet dysfunction to understand the pathophysiology of metabolic disorders in diabetes as well as to aid the development of future therapeutic approaches. Pancreatic islets control glucose homeostasis through two main glucoregulatory hormones, namely insulin and glucagon, secreted by the pancreatic b and a cells, respectively. During hyperglycemia, such as in the postprandial state, insulin secretion is increased while glucagon secretion is suppressed, leading to a lowering of the blood glucose level via enhanced hepatic and adipose tissue glucose uptake and suppressed hepatic glucose output. In contrast, during hypoglycemia, such as that during starvation, glucagon secretion is promoted while insulin secretion is reduced; the blood glucose level is found to be elevated by the effects of glucagon, including an enhanced hepatic glucose output and glucose production through the breakdown of lipids and proteins, thereby providing critical energy for the central nervous system. Thus, the balance between glucagon and insulin determines systemic glucose homeostasis. However, in the diabetic state, insufficient insulin secretion and production in b cells together with dysregulated glucagon secretion by a cells appear to significantly affect glycemic disorders [1] . Impairment of increased insulin secretion leads to postprandial hyperglycemia through the incomplete suppression of hepatic glucose output. In addition, abnormally elevated glucagon levels due to a lack of suppression further worsen hyperglycemia via excessive hepatic glucose output. On the other hand, a defective response of glucagon to hypoglycemia frequently increases the incidence of hypoglycemia, together with the excessive insulin effect induced by various insulin-increasing therapies [2] . Therefore, dysregulation of both insulin and glucagon secretion forms the basis for the two primary disorders in diabetes, namely hyperglycemia and hypoglycemia. These observations prompted us to explore the molecular mechanisms underlying a-and b-cell dysfunction in diabetes to facilitate the development of an overall therapeutic approach to diabetes.
Molecular mechanisms underlying pancreatic bcell dysfunction
First, we focused on the possible mechanisms underlying the pancreatic b-cell dysfunction in diabetes. In b cells, under the chronic hyperglycemic condition associated with diabetes, both insulin secretion and biosynthesis are impaired [3] . In addition, the decrease in b-cell mass due to increased apoptosis, impaired proliferation, and possibly dedifferentiation also plays an important part in the pathophysiology. As a common factor involved in both these dysfunctions, we focused on a b-cell specific transcription factor, PDX1 (pancreatic and duodenal homeobox 1), which is important in the pancreas and b-cell development and differentiation, together with the controlling functions of mature b cells, including the expression of insulin [4] . On the other hand, oxidative stress that is induced by excessive glucose has been revealed to be implicated in the progression of b-cell dysfunction in type 2 diabetes [5] [6] [7] [8] [9] [10] [11] [12] . Under diabetic conditions, the levels of reactive oxygen species (ROS) increase in many tissues and organs, including b cells, through the activation of the mitochondrial electron transport chain [13] or the acceleration of glycation reactions [5, 7] , which causes various forms of tissue damage in patients with diabetes [14] . Interestingly, while oxidative stress has been shown to induce PDX1 dysfunction [7] , antioxidant treatment in animal models for type 2 diabetes has been found to retrieve PDX1 expression in b cells [8] [9] [10] .
Therefore, we further explored the molecular mechanism of the oxidative stress-induced deterioration of PDX1 function by targeting its intracellular localization [15] . Immunocytochemistry of endogenous PDX1 and exogenously introduced green fluorescent protein (GFP)-tagged PDX1 showed that PDX1 translocated from the nuclei into the cytoplasm of the b-cell line, HIT-T15, in response to the oxidative stress. In contrast, a dominant negative form of a stress-signaling kinase, c-Jun N-terminal kinase (JNK), inhibited the oxidative stress-induced PDX1 translocation, suggesting an essential role for this stress-transmitting pathway. Through deletion studies of GFP-tagged PDX1 fragments, we identified a classical leucine-rich nuclear export signal (NES) in the mouse PDX1 protein. These findings revealed a novel mechanism that negatively regulates PDX1 functions by oxidative stress, leading to greater understanding of b-cell dysfunction in diabetes.
Since oxidative stress and the activation of the JNK pathway induce nucleocytoplasmic translocation of PDX1, we sought to explore the missing link that mediates the phenomenon between the JNK pathway and PDX1. We focused on another important transcription factor, FOXO1 (forkhead box O1), which is reported to counterlocalize PDX1 [16] , and found that FOXO1 mediates between the JNK pathway and PDX1 [17] . FOXO1 was found to change its intracellular localization from the cytoplasm to the nucleus in HIT-T15 cells under an oxidative stress load. Oxidative stress impaired insulin signaling activity, represented by the phosphorylation of Akt, which in turn critically controlled the intracellular localization of FOXO1 by direct phosphorylation [18] . The overexpression of JNK also induced the nuclear localization of FOXO1, while the suppression of JNK reduced the oxidative stress-induced nuclear localization of FOXO1. Furthermore, adenovirusmediated FOXO1 overexpression reduced the nuclear expression of PDX1, whereas siRNA-mediated knockdown of FOXO1 retained the nuclear PDX1 under oxidative stress. Based on these findings, we clarified that the JNKAkt-FOXO1-PDX1 axis was pertinent to the impairment of PDX1 function, and that this pathway may explain, at least in part, the molecular mechanisms involved in b-cell dysfunction in diabetes (Fig. 1) . These data also highlight the pathophysiological significance of the JNK pathway in diabetes and necessitate further studies targeting the signaling [19, 20] .
Significance of glucagon in energy homeostasis and its regulation in secretion
Recent advances highlight the significance of glucagon and the pancreatic endocrine a cells in the pathophysiology of diabetes, as well as in the maintenance of islet attributes [2] . Glucagon, which is secreted by the pancreatic a cells, acts predominantly in the liver to promote hepatic glycogenolysis and gluconeogenesis, and simultaneously inhibits glycolysis and glycogenesis [21, 22] . Thus, glucagon that is released in response to hypoglycemia works as a counter-regulatory hormone to restore the appropriate blood glucose level. Since insulin suppresses hepatic output while enhancing hepatic glucose uptake and glycogenesis, the balance between these two hormones in the hepatocyte determines the hepatic glucose metabolism. In addition to its action on liver, glucagon affects several metabolic organs, including adipose tissue, that together favor the maintenance of systemic energy homeostasis. Taken together, these findings indicate that the essential functions of glucagon are not limited to the counteraction of hypoglycemia; glucagon serves to provide energy to the whole body, including to the central nervous system and skeletal muscles, by mobilizing glucose from energy storage tissues, liver, and adipose tissues in demanding situations such as starvation, exercise, and crisis.
The secretion of glucagon from a cells is tightly regulated by a large number of factors, demonstrating the physiological importance of glucagon. In general, it is believed that the secretion of glucagon is stimulated in response to hypoglycemia and suppressed by hyperglycemia in vivo [23] . However, whether a cells can directly sense the extracellular glucose concentration in order to promptly respond by inducing glucagon secretion remains unclear [24] [25] [26] [27] [28] . Therefore, the regulation of glucagon secretion is not determined by blood glucose levels alone; additional control by other factors, including the neural and endocrine systems and intraislet interactions, is likely. Several lines of evidence indicate a significant contribution of nutrient-independent mechanisms to the regulation of glucagon secretion. The central nervous system is reported to sense the ambient glucose level via the hypothalamus [29] [30] [31] and to modulate the secretion of the islet hormones via the autonomic nervous system [32, 33] . The incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) are known to affect glucagon secretion [23] . GLP-1 suppresses glucagon secretion while GIP enhances glucagon secretion in hypoglycemia despite stimulating insulin secretion from the b cells in a manner similar to that of GLP-1 [34] [35] [36] .
Intraislet regulation of glucagon secretion by insulin
In addition to glucose, various regulatory mechanisms for glucagon secretion have been uncovered. Among these, intraislet regulation by the secretory products from the neighboring b cells has been suggested to play a critical role in the physiological tuning of glucagon secretion from a cells. This concept is supported, at least in rodents, by the anatomical characteristics of the pancreatic islets, wherein intercellular crosstalk between different islet cell types is predicted to occur through the intraislet auto-/paracrine effects of their secretions. In particular, as a cells are closely aligned with b cells [37] , a cells are putative direct targets of the secretory products, such as insulin, from b cells. Indeed, various b-cell secretions including insulin [38] [39] [40] [41] , GABA [42, 43] , and zinc ions [44, 45] have been shown to affect glucagon secretion from a cells, mainly through suppression.
Insulin, the major secretory product of b cells, has been proposed to be one of the intraislet paracrine factors that can modulate the secretion of glucagon from neighboring a cells. Furthermore, various components of the insulin signaling pathway, such as the insulin receptor, are abundantly expressed in a cells, suggesting an important role for insulin signaling in a cells [26, 46, 47] . Historically, exogenous insulin has been reported to suppress glucagon secretion in vivo [38, 40, 48] , whereby a direct effect of insulin on the modulation of glucagon secretion has been suggested. In addition, insulin is reported to stimulate glucagon secretion through a ''switch-off'' mechanism. During hypoglycemia, a decrease in intraislet insulin concentration may act as a trigger for glucagon secretion when the a cells sense a decrease in the ambient insulin level. This is supported by studies wherein cessation of insulin administration induced glucagon secretion in response to hypoglycemia in pancreatic perfusion experiments in insulinopenic diabetic rats [49, 50] .
While these reports indicate a pivotal role for insulin in the regulation of glucagon secretion, direct molecular evidence that accredits insulin signaling in a cells in vivo has been lacking. We provided direct genetic in vivo evidence for the significance of insulin signaling in a cells in the regulation of glucagon secretion by generating and investigating the same in a-cell specific insulin receptor knockout (aIRKO) mice [41] . The aIRKO mice exhibited glucose intolerance, hyperglycemia, and hyperglucagonemia in the fed state, along with enhanced glucagon secretion in response to L-arginine. These results indicated that disruption of the insulin receptor in a cells enhanced glucagon secretion by diminishing the glucagonostatic effect of insulin, thereby providing direct in vivo evidence for the suppression of glucagon secretion by insulin from b cells via an intraislet paracrine mechanism. Interestingly, the mutant mice also displayed a blunted glucagon response to hypoglycemia, indicating that the disruption of insulin signaling in a cells impaired the insulin ''switch-off'' mechanism, which gives a defective glucagon response [49, 50] . The results from the experiments with the aIRKO mice clearly demonstrate a critical role for insulin in the regulation of a-cell function in both normo-and hypoglycemic states in vivo [51] .
Model for the intraislet regulation of glucagon secretion from a cells by insulin
From these findings, a model for the intraislet regulation of glucagon secretion by insulin has been proposed. In states of hyperglycemia, b cells are induced to secrete greater amounts of insulin, which activate insulin signaling in the a cells via a paracrine mechanism and, in turn, repress glucagon secretion. Conversely, in the hypoglycemic state, the reduction in the ambient level of insulin is sensed by the a cells, leading to the inactivation of insulin signaling and the subsequent stimulation of glucagon secretion (Fig. 2) . This occurs in addition to the direct stimulation that is possible with low glucose levels. This proposed mechanism has been reported to be feasible in humans by a clinical study [52] . Thus, it is conceivable that chronic and postprandial hyperglucagonemia, observed in diabetes patients, is partly due to a lack of direct suppression of glucagon secretion by insulin, induced either by an absolute shortage of insulin and/or a-cell insulin resistance [53, 54] . It is also possible that the defective secretory response of glucagon to hypoglycemia occurs secondary to a defect in insulin sensing in a cells in diabetes patients (Fig. 2) . Thus, insulin can be considered a central player not only in the suppression of glucagon secretion but also in the stimulation of glucagon secretion.
Molecular mechanisms underlying pancreatic acell dysfunction
Insulin has been reported to directly suppress glucagon secretion by either (1) reducing the sensitivity of K þ ATP channels [26] , which regulate the glucagon secretion machinery via phosphatidylinositol 3-kinase (PI3K) [55] , or (2) modulating Akt, a critical downstream effector of PI3K, leading to the recruitment of the GABA-A receptor to the cellular membrane, thereby allowing its ligand, GABA, to inhibit glucagon secretion [42, 43] . Indeed, the extreme reduction in intraislet insulin caused by the destruction of b cells in streptozotocin (STZ)-treated mice resulted in massive hyperglucagonemia under severe hyperglycemia, again hinting at the significance of insulin in the suppression of glucagon secretion in the hyperglycemic state [56] . Surprisingly, in STZ-treated hypoinsulinemic hyperglycemic mice, normalization of hyperglycemia by phloridzin treatment decreased the plasma glucagon level to those found in normoglycemic untreated mice. These findings suggest that, similar to the in vitro observations [26] [27] [28] , hyperglycemia itself stimulates glucagon secretion from a cells in vivo in the absence of insulin, and that the intraislet effect of insulin plays a central role in the physiological suppression of glucagon by high glucose [54, 57] .
These findings also suggest an involvement of impaired insulin signaling in a cells in the dysregulation of glucagon secretion in diabetes. Despite extensive investigations of various physiological regulatory mechanisms of glucagon secretion, the mechanism(s) underlying abnormal glucagon secretion in diabetes is (are) still not completely elucidated [2] . Therefore, we next explored the potential molecular mechanisms responsible for the dysregulated glucagon secretion using hamster-derived glucagon-secreting InR1G cells [58] . High-glucose exposure to isolated mouse islets and the InR1G cells induced increased glucagon secretion during high-glucose stimulation, which is a hallmark of diabetes mellitus. This treatment reduced the phosphorylation of Akt, indicating the deterioration of insulin signaling, and simultaneously increased the oxidative stress and JNK activity. These findings, which indicated that the high-glucose treatment abnormally elevated glucagon secretion in these cells by impairing insulin signaling, demonstrated the involvement of the high glucose-oxidative stress-JNK-insulin signaling pathway axis (Fig. 3) . These data elucidate, at least partly, the previously unclear mechanism of abnormal glucagon secretion in diabetes.
Exploring therapeutic approaches targeting dysfunctional islet cells
Through the studies that explored the molecular mechanisms underlying a-and b-cell dysfunction, the deterioration in insulin signaling in islets caused by high glucose and oxidative stress was identified as the common responsible element (Fig. 4) . In other words, these studies indicate that insulin resistance is not limited to the ''classical'' insulin target organs but also occurs in pancreatic Exploring the molecular mechanisms underlying a-and b-cell dysfunction in diabetes 251
islets, which are the critical controllers of glucose homeostasis. Therefore, it is important to investigate prospective therapeutic approaches for dysfunctional islet cells from the perspective of future therapies for diabetes.
Deterioration in b-cell insulin signaling by chronic hyperglycemia-evoked oxidative stress has been found to induce cellular dysfunction through the impaired functioning of a critical transcription factor, PDX1, consequent to FOXO1 interaction [15, 17] . Indeed, the b-cell-specific insulin receptor knockout (bIRKO) mouse exhibits impaired b-cell function such as glucose-stimulated insulin secretion and a progressive reduction in b-cell mass, both of which are features of the progressive prediabetic state [59] , thus indicating the pathophysiological significance of b-cell insulin signaling. On the other hand, novel therapeutic approaches involving the use of GLP-1 analogs and incretin enhancers have emerged as important players in the treatment of type 2 diabetes [60] . Some reports suggest that the effects of GLP-1 on b-cell proliferation and secretory function occur as a consequence of crosstalk with proteins in the insulin signaling pathway and by modulating transcription factors, including PDX1 [61, 62] . Therefore, to investigate the therapeutic potential of incretinrelated therapies for dysfunctional b cells, the bIRKO mice were treated with the DPP-4 inhibitor vildagliptin [63] . Fig. 3 Model of the mechanism underlying excessive glucagon secretion induced by high glucose. Left: Insulin signaling suppresses glucagon secretion by reducing the sensitivity of K þ ATP channels via PI3K, or by recruiting the GABA-A receptor to the cellular membrane via Akt. Right: Insulin signaling is impaired through JNK, which is upregulated by high glucose, and following oxidative stress, which in turn induces stress responses of the cell. Glucagon secretion becomes excessive due to the impaired suppression of its secretion by insulin signaling upregulated Akt phosphorylation. Upregulated protein expression of cyclins A, D1, and E was identified in addition to the upregulation in cyclin D2. These data indicate that GLP-1 signaling can compensate for impaired insulin signaling and enhance b-cell function and proliferation by promoting the cell cycle. Overall, these data verify the potential of GLP-1-related therapies to enhance b-cell proliferation in addition to well-known anti-apoptotic properties, and to promote beneficial outcomes in models with dysfunctional b cells. Indeed, GLP-1 has also been shown to upregulate IGF-1R expression in b cells and to enhance b-cell proliferation by the IGF-2/IGF-1R autocrine loop [64] .
Regarding the regulation of b-cell mass, it is widely recognized that b-cell mass is already decreased in type 2 diabetes patients at the time of diagnosis [65] , indicating its relevance to the development of diabetes. Therefore, it is important to explore the possible methods of retaining or expanding b-cell mass in vivo. Despite the widely recognized fact that b cells exhibit compensatory hyperplasia in response to systemic insulin resistance, details on the regulation mechanism for b-cell mass, especially for compensatory hyperplasia, have been obscure. Some mechanisms such as glucose metabolism, the insulin and IGF-1 signaling pathways, signals from other organs such as neural signals, adipocytokines, and incretins are reported to regulate b-cell proliferation. Among these, we focused on the interorgan crosstalk between b cells and the liver, one of the most important physiological targets of insulin, and explored the interaction using the liver-specific insulin receptor knockout (LIRKO) mouse model, a unique model that exhibits severe insulin resistance accompanied by dramatic islet hyperplasia [66] . In parabiosis and the transplantation assays, enhanced proliferation of normal b cells was presented under the LIRKO environment, indicating that the hepatocyte-derived humoral factor induced b-cell proliferation in a non-neural and non-cell-autonomous manner. Through these data, serpinB1, a protease inhibitor, was identified as the liver-derived secretory protein that regulates b-cell proliferation [67] and is involved in the compensatory b-cell mass expansion in response to insulin resistance. On the other hand, as the bcell autonomous mechanisms for compensatory b-cell hyperplasia against insulin resistance, the involvement of cell cycle proteins has been shown to be important [68, 69] , hinting at the complementary regulation of b-cell proliferation by external and internal factors.
GLP-1 and related therapies are widely applied to the treatment of diabetes because incretin hormones enhance glucose-stimulated insulin secretion and regulate b-cell mass through the modulation of cellular proliferation and death [60] . In addition to these effects on b cells, GLP-1 is reported to suppress glucagon secretion. One study has indicated that the suppression of glucagon secretion and the augmentation of insulin secretion contribute equally to the glycemic control properties of GLP-1 [70] . Thus, in type 2 diabetes, defects in GLP-1 secretion and activity likely affect the pathophysiology of the disease via the abnormal regulation of both insulin and glucagon secretion [71] . Therefore, to investigate the therapeutic potential of GLP-1 for dysfunctional a cells that display abnormal regulation of glucagon secretion, aIRKO mice were treated with GLP-1 [56] . GLP-1 treatment significantly suppressed plasma glucagon in the aIRKO mice, implying that GLP-1 can suppress glucagon secretion independent of the action of insulin on a cells and therefore pointing to the therapeutic potential of GLP-1 for glucagon suppression in patients with diabetes who exhibit dysfunctional a cells with an impaired response to insulin, which is similar to other organs.
Implications of DPP-4 and incretin therapies for type 1 diabetes patients
The results of the basic islet studies indicate the importance of insulin signaling to both a-and b-cell function, and the therapeutic potential of GLP-1 for dysfunctional islets in type 2 diabetes. Next, we provided the scientific basis for the future application of incretin-based therapies to type 1 diabetes patients who exhibit nonfunctional b cells with dysfunctional persistent a cells, by assessing incretin-degrading dipeptidyl peptidase-4 (DPP-4) enzymatic activity [72] . We examined serum DPP-4 activity in Japanese young-adult type 1 diabetes and in healthy controls, and Fig. 4 Significance of intraislet insulin signaling in the pathophysiology of both a-and b-cell dysfunction in diabetes. The disordered insulin signaling in islets caused by high glucose and oxidative stress was identified as the common element responsible for both a-and bcell dysfunction in diabetes Exploring the molecular mechanisms underlying a-and b-cell dysfunction in diabetes 253
reported that subjects with type 1 diabetes displayed significantly higher serum DPP-4 activity than healthy controls, indicating the pathophysiological significance of the enzyme in type 1 diabetes. Currently, DPP-4 inhibition is widely used in the treatment of type 2 diabetes, and the application of this strategy is awaited as a new therapeutic approach for type 1 diabetes. The clinical evidence for the influence of DPP-4 on type 1 diabetes should facilitate the development of future therapies for the disease.
Conclusions and future perspectives
Through basic molecular studies that explored the underlying mechanisms of pancreatic endocrine islet dysfunction, we identified a deterioration in insulin signaling induced by chronic high glucose followed by the upregulation of oxidative stress in both a-and b cells. In b cells, oxidative stress induced the dysfunction of PDX1 through its nucleocytoplasmic translocation via interactions with the insulin and JNK signaling pathways and FOXO1. The significance of a-cell insulin signaling in the physiological and pathological regulation of a-cell biology was demonstrated by aIRKO mice with dysregulated glucagon secretion. Besides the impairment of insulin signaling, a high-glucose load induced dysregulation of glucagon secretion. In addition, the use of GLP-1 proved to be beneficial when tested on dysfunctional a and b cells, indicating its therapeutic potential in the treatment of diabetes patients with insulin resistance in islets. These studies explain the molecular mechanisms underlying a-and b-cell dysfunction in diabetes, and provide important guidance towards a future therapeutic approach to the disease. Previously, glucagon was believed to simply elevate or decline in response to blood glucose levels. Recent data have revealed sophisticated regulatory mechanisms for glucagon secretion, as well as new, wide-ranging roles for a cells. In particular, the concept of the intraislet regulation of glucagon secretion via an insulin-related paracrine mechanism is now widely appreciated as an important pathway that determines a-cell function. Given the significance of insulin resistance in diabetes, it is important to investigate insulin resistance at the level of a cells; possible insulin dysregulation in the diabetic state is likely to be closely connected to the pathophysiology of glucagon dysregulation. a Cells not only receive input signals from various neighboring cells, but they also regulate the functions of other cells by secreting various bioactive substances. The close interactions between islet endocrine cells that occur through paracrine and autocrine crosstalk allow the cells to respond immediately to changes in systemic energy status, as well as to effectively maintain appropriate levels of cellular secretion of various hormones.
Currently, research on glucagon and a cells faces significant challenges pertaining to the accessibility and availability of glucagon assays and a cells in vivo. Indeed, the accuracy of the radioimmunoassay previously used for glucagon evaluation is now being questioned because of cross-reactivity with related substances that share the same amino acid sequence as glucagon [73] . The development of an assay system with improved specificity and sensitivity is needed to progress research in this field. Thus, it is also possible that new knowledge will contradict commonly accepted knowledge concerning glucagon.
